The classic accepted view of the heliosphere is a quiescent, comet-like shape aligned in the direction of the Sun's travel through the interstellar medium (ISM) extending for 1000s of AUs (AU: astronomical unit). Here we show, based on magnetohydrodynamic (MHD) simulations, that the tension (hoop) force of the twisted magnetic field of the sun confines the solar wind plasma beyond the termination shock and drives jets to the North and South very much like astrophysical jets. These jets are deflected into the tail region by the motion of the Sun through the ISM similar to bent galactic jets moving through the intergalactic medium.
Introduction
The long time view of the shape of the heliosphere is that it is a comet-like object (Parker 1961 , Baranov & Malama 1993 ) with a long tail opposite to the direction with which the solar system moves through the local interstellar medium. The solar magnetic field at large distance from the Sun is azimuthal forming a spiral (the so called "the Parker spiral") as a result of the rotation of the Sun. The traditional picture of the heliosphere as a cometary-like structure comes from the assumption that even though the solar wind becomes subsonic at the termination shock as it flows down the tail it is able to stretch the solar magnetic field.
Current magnetohydrodynamic (MHD) models (Opher et al. 2009 , Alexashov et al. 2004 , Ratkiewicz & Webb 2002 , Pogorelov et al. 2007 , Washimi et al. 2011 , Provornikova et al. 2014 ) typically focus on benchmarking their results with the in-situ Voyager 1 and 2 results (Stone et al. 2005 (Stone et al. , 2008 as well with the energetic neutral atoms global maps by IBEX ) and CASSINI (Krimigis et al. 2009 ).
These observations led the modelers to focus their attention on the nose region of the heliosphere but their simulations also suggest that the tail is a comet-like, extending to long distances (Pogorelov et al. 2014 ).
Here we show, based on MHD simulations, that the twisted magnetic field of the sun confines the solar wind plasma and drives jets to the North and South very much like some astrophysical jets. Astrophysical jets around massive black holes are thought to orginate from Keplerian accretion disks and are driven by centrifugal forces (Blandford & Payne 1982) . However, the jets in the case of the heliosphere are driven downstream of the termination shock similar to what was proposed for the Crab Nebula (Chevalier & Luo 1994; Lyubarsky 2002) . In this region of subsonic flow the magnetic tension (hoop) force is strong enough to collimate the wind. The tension force is also the primary driver of the -4 -outflow. The heliosheath is in force balance with the pressure (magnetic and particle) of the interstellar medium along the radial direction. In this direction the pressure gradient within the heliosheath is balanced by magnetic curvature. However, along the axis of the jet there is no curvature force so the resulting axial pressure gradient drives the axial flow of the jet. The heliospheric jets are deflected into the tail region by the motion of the Sun through the ISM similar to bent galactic jets moving through the intergalactic medium.
The interstellar wind blows the two jets into the tail but is not strong enough to force the lobes into a single comet-like tail, as happens to some astrophysical jets (Morsony et al. 2013 ). Instead, the interstellar wind flows around the heliosphere and into equatorial region between the two jets. We show here that like some astrophysical jets the heliospheric jets are turbulent.
The organization of this letter is as follows: we first discuss the model used, then the structure and formation of the two-lobes and finally the implications of the new picture of the heliosphere.
Model
Our model 5-fluid code is based on the 3D multi-fluid MHD code BATS-R-US with adaptive mesh refinement (Toth et al. 2012) . It evolves 1 ionized and 4 neutral species of H as well as the magnetic field of the sun and the interstellar medium. We used a monopole configuration for the solar magnetic field. The multi-fluid approach for the neutrals captures the main features of the kinetic model ). Atoms of interstellar origin represent population 4. Population 1 appears in the region behind the bow shock (or slow shock, depending on the intensity of B ISM (Zieger et al. 2013) . Populations 3 and 2 appear in the supersonic solar wind and in the compressed region behind the Termination Shock, respectively. All four populations are described by separate systems of the Euler equations -5 -with corresponding source terms describing neutral-ion charge exchange.
The inner boundary of our domain is a sphere at 30 AU and the outer boundary is at x = ±1500 AU , y = ±1500 AU , z = ±1500 AU . Parameters of the solar wind at the inner boundary at 30 AU are: v SW = 417km/s, n SW = 8.74 × 10 −3 cm −3 , T SW = 1.087 × 10 5 K (OMNI solar data, http://omniweb.gsfc.nasa.gov/). The Mach number of the solar wind is 7.5 and is therefore super-fast-magnetosonic. Therefore all the flow parameters can be specified at this boundary. The magnetic field is given by the Parker spiral magnetic field (Parker 1958) ,
where R 0 is the inner boundary 30 AU , v SW is the solar wind speed with the radial component B SW = 7.17 × 10 −3 nT at the equator at 30 AU , Θ is the polar angle of the field line, and Ω is the equatorial angular velocity of the Sun. We assume that the magnetic axis is aligned with the solar rotation axis.
The solar wind flow at the inner boundary is assumed to be spherically symmetric. For the interstellar plasma we assume:
The number density of H atoms in the interstellar medium is n H = 0.18 cm −3 , the velocity and temperature are the same as for the interstellar plasma. The coordinate system is such that the z-axis is parallel to the solar rotation axis, the x-axis is 5
• above the direction of • is required (Opher et al. 2009 ). Others studies (Heerikhuisen & Pogorelov 2011 , Chalov et al. 2010 ) have used the observed shape and location of the IBEX ribbon to constrain the magnitude and orientation of B ISM . However, such constraints are sensitive to the specific model of the IBEX ribbon, which continues to be uncertain. In any case for the present study the exact direction of B ISM and its intensity are not important.
Solar Magnetized Jets
We performed 3-D MHD simulations showing that the heliosphere does not have a comet-like structure. The solar magnetic field was chosen to be unipolar ) to avoid artificial numerical magnetic reconnection at the nose as well as in the solar equator across the heliospheric current sheet. We also present a simulation with an interstellar wind but with no interstellar magnetic field to avoid artificial reconnection at the heliopause interface.
Even with no interstellar magnetic field the heliosphere develops a two-lobe structure organized by the solar magnetic field (Figure 1a -c). The lobes survive due to the resistance of the solar magnetic field to being stretched. The magnetic tension force must therefore be sufficiently strong to collimate the jets. To show this we estimate the tension on a field line with a radius of curvature R as F tension = |B · ∇B|/4π ∼ (B 2 /8π)(2/R). So F tension ∼ 2P B /R, where P B is the magnetic pressure. The force stretching the magnetic field due to the flows is
is like the curvature with κ ∼ 1/R and P ram is the ram pressure. So the ratio between the two forces F streatching /F tension ∼ P ram /2P B , which is < 1 down the tail past the termination shock ( Figure 1d) . Thus, the magnetic tension (hoop stress) is sufficient to resist the streatching by the flows and can collimate jets. The result is a tail divided in two separate plasmas confined by the solar magnetic field (Figure 1a; 1c) . The two lobes are separated by the pressure of the interstellar plasma that flows around the heliosphere and into the equatorial region downstream of the heliosphere (Figure 1a ). This behavior can be seen in Figure 1f where the meridional flows U y are shown and the ISM streamlines flow between the two lobes in Figure 1a . Thus, the interstellar wind is not sufficiently strong to force the North and South lobes of the heliosphere to merge together to form a comet-like structure.
The thermal pressure from the ISM balances the magnetic and plasma pressure in the lobes in the y-z plane in the down-tail region.
In the heliosheath the plasma pressure is generally much higher than the magnetic pressure so it might seem surprising that the magnetic field controls the formation and structure of the jets. There are two factors that explain why the magnetic field and specifically the tension forces are critically important. First, due to the expansion of the plasma as it flows from the termination shock out towards the heliopause, the plasma pressure drops until the two pressures are comparable. Figure 3a shows the ratio between the two pressures in a cut in the meridional plane (y = 0). Immediately after the termination shock the gas (thermal) pressure dominates (by almost an order of magnitude) but further out it becomes weaker due to expansion. Thus, the ratio of the magnetic to thermal pressure increases. Near the heliopause the system approaches approximate equipartition. On the other hand equipartition is not a requirement at the heliopause boundary. The ratio between the magnetic to thermal pressure at the heliopause depends on the value of the interstellar pressure compared with the thermal pressure downstream of the termination shock (see for example the plasma and magnetic profiles for the Crab in The two lobes are unstable -several instabilities are probably taking place. One is the Kelvin-Helmholtz (Wang & Belcher 1998 ) instability since there is no interstellar magnetic field in this case to stabilize the instability. The two lobes are also prone to kink and sausage instabilities since the axial magnetic field in the lobes is much smaller than the azimuthal field, which is the driver for these instabilities. The instabilities drive flows so that the lobes become highly turbulent, which erodes the lobes as they flow tailward. argue that the high expansion rate of astrophysical jets leads to a causal disconnection of the opposite sides of the jet and therefore might explain for some cases the absence of instabilities in these systems. The absence of instabilities in the solar wind upstream the termination shock in could be for the same reason. The flow is supersonic so large regions of the solar wind are causally disconnected. In the jets down is reversed from panels (b)-(e).
-10 -stream of the termination shock the flows are sub-fast-magnetosonic so the jets are causally connected at their largest spatial scales.
The thermal pressure from the ISM in the tail is the key factor that prevents the merger of the two lobes. We also completed a simulation with the same grid and conditions as in For astrophysical jets such as in Active Galactic Nuclei, the formation of a comet-like tail can occur, depending upon local conditions such as the ram pressure in the jet versus that of the ambient medium as well as the strength of instabilities that cause jet spreading (Morsony et al. 2013) .
The obvious question is why previous global MHD models did not produce the two-lobe structure. Earlier models either didn't include the solar magnetic field (Alexashov et al. 2004 , Ratkiewicz & Webb 2002 or included it as a dipole field (Opher et al. 2009 , Pogorelov et al. 2007 ). Simulations with a dipole magnetic field or a varying tilt of the solar magnetic field were dominated by grid-induced reconnection around the solar equatorial plane that artificially eroded the solar magnetic field (Washimi et al. 2011 , Provornikova et al. 2014 , Opher et al. 2011 . The erosion of the magnetic field suppresses the confinement of the solar plasma and prevents the formation of the two-lobe structure. In the simulations presented here we used a monopole solar magnetic field. In reality because of the tilt of the solar magnetic field with respect to the rotation axis of the Sun there is a sector zone where the Parker azimuthal magnetic field periodically reverses direction. As long as in the solar magnetic field is not too strongly eroded by reconnection in the sector zone, the solar magnetic field will remain strong enough to confine the solar wind plasma and the two-lobe structure of the heliosphere will survive. The Voyager observations indicate that while some erosion of magnetic flux has taken place the solar magnetic field still survives (Richardson et al. 2013 ). However we do expect that reconnection in the sector zone and with the interstellar magnetic field will lead to some erosion of the two lobes (Opher et al. 2011 , Drake et al. 2010 , Swisdak et al. 2013 , Strumik et al. 2013 ).
Future tail ENA observations by IBEX or CASSINI might be able to determine the time evolution of the two-lobe structure.
The overall two-lobe structure is consistent with the ENA images from IBEX that for the first time mapped the heliotail. Such images show two lobes with an excess of low energy ENA (< 1keV ) and a deficit at higher energy (> 2keV ) around heliosphere is required but is beyond the scope of this paper.
The ENA images from Cassini (Krimigis et al. 2009 , Dialynas et al. 2013 ) (at a much higher energies 5 − 55 keV ) revealed intensities that were comparable in the direction of the nose and tail. The observers therefore concluded that the heliosphere might be "tailless" because the emission from these high energy ENAs is believed to come from the heliosheath.
The two-lobe heliosphere is in fact almost "tailless" with the distance down the tail to the ISM between the lobes being nearly equal to the distance towards the nose. If in fact the two-lobes are as eroded as we found in the case when B ISM is present, there will be a much smaller contribution to high energy ENA coming from the tail than expected based on a comet-like heliosphere.
Discussion
Other magnetospheres (such as Earth (Siscoe et al. 2004) and Saturn (Jia et al. 2012 , Zieger et al. 2010 ) exhibit a two-lobe structure. These structures are not related to the phenomena discussed in this paper but to reconnection of the downtail component of the -16 -draped solar magnetic field that produces a dominant midtail x-line. The key ingredient here is the solar magnetic field that confines and collimates the solar wind and the ISM pressure that maintains the separation of the two lobes in the tail.
We expect that such a two-lobe structure might be present in other outflows (astrospheres and exo-solar bubbles) where the magnetic field is present. For different interstellar conditions the lobe behavior will be different. For example, with a stronger wind the two lobes will be pushed closer together.
The two-lobes structure of the heliosphere is similar to astrophysical jets in protostellar systems (Fendt & Zinnercker 1998 , Gueth & Guilloteau 1999 and clusters of galaxies (Owen & Rudnick 1976 , Douglas et al. 2011 which are collimated by the magnetic field and are often seen as bent as a result of interaction of the jets and their surrounding media.
The authors would like to thank the anonymous referee for very helpful comments.
They would also like to acknowledge helpful discussions and comments from Drs. Jonathan 
